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FOREWORD

This report constitutes the Final Report on work performed by the Crystals Re-
search Group of the Speedway Laboratories under Contract Nonr 4131(00). The program
has been directed ny Dr. O. H. Nestor, the Principal Investigator, and monitored by
Dr. Van O. Nicolai of the Physics Branch of the Office of Naval Research. All recent
experimental work has been performed by Dr. H. Fay, Mr. C.D. Brandle and Mr.

B.J. Corbitt. Previous contributors to the program include Dr. L.G. Tensmeyer, Mr.
E.T. Fritsche, Mr. J. W, Lyle, Mr. R.G. Rudness, Mr. R.L. Hutcheson, Mr. A. M.
Broyer, Mr. R.L. Brindle and Mr. G.W. Edwards. The electron-spin-resonance
stulies were made by Dr. Paul H. Kasai of the Unicn Carbide Research Institute. This
Final Report was written by Dr. H. Fay. It reviews the entire program but specifically
includes the period from January 1, 1965 to October 31, 1965,



I SUMMARY

The development of cubic percvskites as symmetric hosts for laser dopant ions is of
intercst because long fluorescent lifetimes are to be expected. Other work on LaAlQO;:Cr
appears to confirm this. The simple II-IV perovskites are of interest as hosts for divalent
and tetravalent dopants, but only four such compounds SrTiC;, SrSnQ;, BaSiO; and BaZrQ,
are known to be cubic at room temperature. The low dielectric properiies and stavility to-
ward reduction of BaZrQO; makes it the most attractive potential host. The refractory
nature of this compound has heretofore prohibited melt synthesis of single crystal BaZrQ,.

A novel crucible-less melting technique, referred to as '"skull-melting’’, has been
studied intensively as a means for producing single crystals of BaZrO; (and also SrTins).
The process involves inductive coupling of electromagnetic radiation directly to the melt
which acts as its own susceptor. The effects of many of the numerous variables, both ther-
mal and electricai, on the process have been studied. The coupling of energy is found to de-
pend primarily on the frequency and the size and electrical concuctivity of the melt. Numer-
ous exp<riments have demonstrated that SrTiOg (and BaTiO;) may be fused by this process in
a nearly reproducible manner and maintained in the molten state apparently indefinitely.
JAany attempts have been made to pull single crystals of SrTiO; (and BaTiO,) but only dark,
polycrystalline masses of partially deoxidized material have been obtained,

The fusion of large quantities of BaZrO; has also been accomplished by the skull-
melting process. Melts have been sustained for several hours but it is uncertain whether
or not a true "steady state’ has been obtained. A loss of coupling frequently occurred and
this is atiributed to a gradual decrease in the electrical conductivity of the melt. When
alumina was tested for comparison, a similar difficulty in sustaining the melts was en-
countered, nor did we succeed in pulling sapphire crystals from skull-melted alumina.
The synthesis of single crystals of BaZrO; from the melt, a principal objective in the

symmetrical laser host program, has not yet been accomplished, due to difficulties in the
skull-melting process.

These experiments indicate that the clectrical conductivities of molten oxides may

be much lower than that given in the literature. The electrical conductivity of liquid Al,O4
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has been directly measured with iridium electrodes at 2400°K and found to be 384 +5 mho/m.

This is a factor of four lower than the accepted value but may stiil be higher than the "in-

trinsic' conductivity of the ""pure" oxide.

The state of the manganese ions in Mn-doped SrTiO;, produced early in this pro-
Tam by the Veli.cuii method, has been investigated by electron-~spin-resonance spectro-
scopy (ESR). Only divalent manganese, Mn*?, was detected. This confirms previous

suspicions that tetravalent manganese, Mn™*, cannot be stabilized in the SrTiO, crystal,
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18 INTRODUCTION

The overall objective of the program on symmetrical laser crystals is to obtain
better crystal host-dopant combinations for giant pulse lasers. For this purpose it is
desirable that the fluorescent lifetime of the dopant ions, as it exists in the host, be
reascnably long., In many cases of interest (e. g. divalent rare earth ions) the transition
is forbidden in the free atom. The ion in the crystal will, in general, behave differently
and fluorescent lifetimes are usually quite short. If, however, the ion occupies a symmet-
rical site in the crystal, it is expected to be more nearly like the free atom. This contract
is a part of a greater effort under ARPA Order 206-62, Program Code Number 3730, 4730,
to establish the validity of this premise and to determine to what extent flucrescent life-
times can be effected.

The lengthening of the fluorescent lifetime of an ion by placing it in a centrosym-
metric site appears to be substantiated by work with LaAlQ; crystals. The lifetime of
Cr*3 has been reported to be 25 15 34® milliseconds in LaAlQ, compared to 3 ms in
ruby. The li.etime of Nd*3 appears to be increased by a factor of two (2). This compound
is nearly, but not exactly cubic. The Cr'3 enters the B-site which is centrosymmetric while
the Nd*? enters the A-site which is not quite centrosymmetric. 3 This may explain the

difference in lifetime enhancement of Cr*3 vs Nd*3,

The specific objective of this investigation is to grow cm>-sized crystals of cubic
perovskites of the type A"2B740; activated with divalent or tetravalent cations. The aim is
as above, to provide a centrosymmetric site for the dopant ion and thereby enhance its
lifetime. A further objective is to have the dopant ion enter the crystal lattice by isoelec-

tronic substitution for one of the host ions. The isoelectronic substitution creates no elec-
tronic defects in the crystal and removes the need fcr charge compensators. The O-IV
perovskite oxides are of particular interest because there are certain divalent and tetra-
valent dopants that have desirable fluorescent characteristics. The divalent rare earth

4

ions are of particular interest.
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Of the kncwn perovskites, 1ew appear attrartive for ti.is application. As discuss-
5
), barium zirconate is still

ed beiow and in the previous Semi-Annual Summary Report(
thought to be potentially the best '""host'' for substitutional doping with divalent rare earth
ions, This compound is extremely refractory and the usual techniques of making oxide
crystals are not applicable. Early experimenis on flux growth of BaZrO; had lead to the
conclusion that a melt technique, or more particularly a Czochralski pulling method,

would be more desirable, provided that a means of melting and containing this compound
could be found. .0 crucitle materials were known that could be used without attack at the
required temperatures. The only way to contain a melt of BaZrO; appeared to be self-con-
tainment, in a "skull" of solid BaZr0O,. Initial experiments had indicated that refractory
oxides could indeed be melted in a skull of the same oxide, by direct coupiing with a radio-
frequency induction coil. These and later experiments also have shown that there are many
diffi alties to overcome before the method could be successfully applied to crystal growth
by the Czochralski method. iany skull-melting experiments have been carried out under
conditions that appeared to be nearly satisfactory for crystal growth, but failed because we
either could not nucleate and pull single crystals from the melt, or because of slow physio-
chemical changes that occurred in the system which made it progressively more difficult to
maintain the melt. The latter difficulty appeared to be most pronounced in systems, such
as alumina, where it is well known that single crystals can be pulled from melts. The only
apparent way to resolve these difficulties appeared to be by improved design of the skull-
melting process in order to better match the characteristics of the system being melted.
This in turn requires a fairly complete understanding of the skull-melting process. Much
effort in this period has, therefore, been directed toward improved analysis of the skull-

melting process, measurement of the electrical conductivity of alumina melts and a scal-

ing-up of the me'ting apparatus for more efficient coupling to melts.



IO, DISCUSSION OF PEROVSKITE SYSTEMS AS SYMMETRIC HOSTS FOR I OFPANT IONS

A. Cubic Perovskites;

In oruer to fulfill the requiremnnt that the dopant ion enter the iattice sub-
stitutionally in a site of high symmeiry, the host perovskite should be cubic. The ideal
perovskite structure (ABOj) is cubic and has the symmetry of space group Pm3m. Both
the A-sites and the B-sites are centrosymmetric (symmetry element -i) and, therefore,
either should be good sites for doping. Howevar, most so-called perovskites are "deriva-
tive structures' or displacive distortions of the ideal perovskite strurtive. Furthermore,
almost all perovskites exhibit one or more phase transitions over the temperature range
from 0° K to their melting points. When phase transitions do occur, the lower tempera-
ture forms are of lower svmmetry than the cubic space group Pm3m. This, however, may
or may not destroy the center of symmetry at the cation sites. In fact, the best example to
date of fluorescent lifetime enhancement is that of Cr*? - doped 1.aAlQ;, cited above. At
room temperature this compound is rhombohedral-trigonal (R§m) and unly the Al*? ions are

truly at a center of symmetry.

Only the A+2B+“03 perovskites have becen consicered in this inv stigation.
The problem of finding ideally cubic II-IV perovskites has been discussed at length in the
previous report. ©) While many well known O-IV perovskites, such as BaTiO;, transform
to the cubic as the temperature is increased, there are only four compounds that have been
shown to be cubic at room teinperature. They are SrTiQ;, SrSnO,;, BaSnO; and BaZrO,.
Of these four perovskites SrTiO; and BaZrO; were chosen for study in this investigation.
Both of these compounds are apparently idezlly cubic from their melting poinss down to
cryogenic temperatures (110°K in the case of SrTiO;). The ionic radii are also such that
BaZrO; should offer a suitable site for doping with divalent rare earth ions Sm*?, Eu*? and
Yb*2, Of these ions Sm*? is of the most interest for laser applications;(4) the other ions
are of interest because of their ease of reduction and stability in the divalent state. Simi-

larly, the radii in SrTiO; should permit substitution of Mn™* in the Ti*! -site.

When working with II-IV percvskite compounds, one cannot completely avoid

t e R HT DRI

considering the phenomena of '"ferroelectricity'' and ""antiferroelectricity"” which are so
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nrominent in these compounds. The degradation of the crbic phase !o phases of lower

symmetry is often considered to be the result of electrical interactions, as for example

in Devonshire's theory of BaTiO;. ©®

When ferroelectricity {(or antiferroelectricity) -
occurs, the polarization, and presumably also the local fields in the crysta., can become
ve.ry high. This situation is probably undesirable for lifetime enhancement of a dopant
ion. Not only is the site non-centrusymmetric but the electrical effects of even a slight
distortion may be very lerge. It is rather unlikely that "free ion' behavior will occur
under these conditions. On this basis one should avoid ferroelectric and antiferroelectric
perovskites. Even in the cubic or “paraelectric’’ state such coinpounds have large polari-
zabilities and unfavorable electrical effects should be anticipated. 1Ii is, therefore, note-
worthy that none of the four cubic compounds above are known to be ferroelectric. SrTiO;
does have a high dielectric constant which follow a Curie-Weiss law to low temperatures.
A dispiacive transition is known to occur in the vicinity of 110°K, possibly to an antiferro-

-

electric state, even though the departure from cubic symmetry is exceedingly small. )
_ {8
The other compounds do not have notably high dielectric constants. For example BaZrU;{ )
has a dielectric constant of about 40 at room temperature and this decreases only slightly

with increasing temperature.

B. Crysial Chemistry and Doping:

The defect chemistry of II-IV perovskites was briefly considered in the
. revious report(s). The work done since this has not altered the descriptions that have
been given. Some further observations have been made on the tendency o1 the titanates
($rTi0; and BaTiOs) to lose oxygen with a corresponding reduction of Ti** to Ti™3. These
compounds form melts which are appreciably conductive and which are relatively easy to
maintain by the skull-melting technique. However, it is weil known that it is extremely
difficult if not impossible to "pull” single crystals of these substances from stoichiomet-
ric melts by th~ Czochralski technique. The most likely reason for this difficulty is that
the intrinsic electronic defects create a high optical absorption, which grossly inhibits
heat transfer in the crystal. High melting oxides which are opaque to radiaiion are not

wall suited to Czochralski growth and this appears to be the case wich the titanates.

-2




However, it should be possible to alter the conductivity and absorptivity by doping. We
have, therefore, made a few doping experiments with skull-melted BaTiOj in order to see
if we could not alter the material in such a way that we could pull single crystals, SrTiO;
would presumably behave in a similar manner, BaTiQO; was used merely because its low-
er melting point permitted easier operation and observation. These experiments are de-
scribed more fully in section V-B below. Only the defect structure is considered here.
The intrinsic defects 'n BaTiO; may be considered to be represented by the equations:

- L 5 ! s 3 -
Ba 'Ti*%{0™) @ Ba'? (Ti'Y,_g (79 5 ©Dax (V) )y +meT+ £ 0, -1
. }

X 2

The crystal is thus assumed to be an oxygen deficient n-type . emiconductor. However
most of the oxygen deficiency is compensated for by the reduction of Ti** to Ti*?. Now
if the crystal is doped with lanthanum oxiae, the La*® will substitute for Ba*? and create

a "positive" lattice defect: =

(La, 4"

This will tend to increase the n-type conductivity {n), the reduction of titanium (5§), and
decrease the oxygen vacancies (x). This behavior is well known, see for example Verwey,(g)
Our observations are in accord; La-doped B2TiO; is black, semiconducting and not at all
conducive to Czochralski pulling. Doping with trivalent iong in the B-site should produce
the opposite type of defect. When aluminum oxide is used to dope BaTiO;, the Al*® pro-

duces a "negative" lattice defect
+3 .\,
This will tend to decrease n and 6§ and increase the vacancies, x. When aluminurn doping

was tried the solidified melt was indeed lightier in color than "pure" BaTiO;. Although

crystal pulling was still not successful, there was some indication of improvement. It
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appears. therefore, that lattice defects, such as anion vacancies. are less deletericus to

crystal giowth by the Czochralski method than are electronic defects.

The situation in BaZrQ; is quite different. There is no evidence of reduc-

a 8
tion of Zr** and, therefore, much less trouble with electronic defects. It has been stated( )

that BaZrQ; is a p-type semiconductor, with barium ion vacancies. However, the very
high melting point of BaZrQ;, coupled with the well known oxygen deficiency *: ~ther perov-
skite systems and in Z210,, leads one to suspect the presence of c.iygen vacancies also.

One may postulate a structure such ac:

; — . - .. + X ;
Bat?zr* (07Y); @ (Ba*H -5 (Vpat?} Zrtt (079, (V,.), +Pe +6Ba+3 0, II4

where 25=p+2x

Since BaO has such a large free energy of formation, it is most probable that any loss of
Ba really corresponds to just a volatilization of the oxide with & approximately equal to
~ 1d p very small. In any event, the compound is a much poorer electronic conductor
than the titanates. As shown below. this lack of conductivity may be detrimental to the
skull-melting process but it should be desirable for crystal growth.

In addition to the problems involved in growing II-IV perovskites as laser
hosts, there are form:dable problems in doping the host with divalent rare earth ions.
The rare earths are normally trivalent and the divalent ions are strong reducing agents.
Furthermore, in some cases the divalent ions may be unstable toward auto-oxidation-

reduction or disproportionation according to the reaction:

3Ln*? @ 2Ln*% + Ln® -5
If this reaction proceeds appreciably toward the right, then divalent doping will not be
possible. However, the reaction is shifted toward the left by increasing temperaturc.

) ] (10) , .
Goldsmith and Pmch( " have estimated the temperatures below which the divalent rare

earth ions are unstable. These "'instabiiity temperatures" are very high for lanthanum

Hi-4




and cerium and decreace to a minimum at europium The instability temperature is again
high for gadolinium and decreases to another minimum at ytterbium. Nd, Pm, Sm, Eu,

Tm and Yb are estimated to be stable as divalent ions at rocm temperature. The others

become stable at much higher temperatures. This stability will, of course, be influenced

by the host. Goldsmith and Pinc'n(ll) maintain that the divalent rare earths are less

stable in oxides and sulfides than in halides. Thus, there is some question whether or not

div. 'ent rare earth ions can have a stable existence in the I-IV perovskite oxides. At the

present we cannot prove or disprove this. In the present study we have only considered

Sm*2, Tu*? and Yb*? as likely to be stable. Even these ions would only be stable in a host

that is very resistant toward reduction. SrTiO; is readily reduced aad is therefore not sa-

tisfactor7. BaZrO; is resistant toward reduc uon and may be satisfactory but this has still
to be demonstrated.

C. Crowin Methods:

A variety of growth methods have been investigated throughout the course
of this study. Ir particular, samples of SrTiO; both undoped and doped with manganese,
and of BaTiOg containing small additions of strontium, have been prepared by the Verneuil
or flame fusion process. The growth of BaZrQ; and SrZr0O; from chloride-borate fluxes
by the temperature decrease method, was also briefly studied. However, the ultimate use
of perovskite crystals, in laser systems will demand material of both appreciable size and
quality. Experience with other oxide crystals led us to conclude that a melt process would

be most desirable in the long run, and further effort was directed toward melt-pulling

processes or variations of the Czochralski method.

Based on theoretical considerations alone, BaZrQ; is the best potential laser

host material, of the simple I-IV perovskite compounds. The synthesis of sizeable single

crystals of this compound has not previously been accomplished by any synthesis procedure.
This substance is very refractory (mp > 2600°C) and the growth of this crystal is a very
difficult problem. T...: flame-fusion method cannot be used to attain these temperatures,
and there are no known crucible materials that are inert to attack by molten BaZrO;. In

fact, there are no conventional methods of crystal growth that are applicable to the growth
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of single crystal BaZrQ;. The only way that we know of to contain a melt of stoichiometric
BaZr(Q,;, without reaction, is in a container or ''skull"” made of the compound itself. This

process is referred to as '"skull-melting" and has been used to advantage in certain metal-

b

lurgical operations where contamination from crucibles must be avoided. Skull-meiting

W

differs from most fusion processes in that the thermal energy required to maintain the

melt cannot be conducted through the container, since it is of the same composition, but

st

must be supplied internally. This can be accomplished by radio-frequency induction heat-

— ing, using the moiten liquid as its own susceptor. The development of the skull-melting

technique, as applied to BaZr0Q; and other oxides, is discussed in detail in the next section.




Iv. DFVELOPMENT OF THE SKULL-MELTING TECANIQUE:

A. General Concept of Skull-Melting as Applied to Refractory Oxides:

As mentioned above, 'skull-melting" refers tc the containment of a liquid
"melt" in a solid '"skull" of the same composition (or a composition in equilibrium with
the melt). Furthermore, we apply this term here to describe a process wherein the liquid
is used as its own susceptor for coupling of electromagnetic radiation from a radio-frequency
power cscillator. This process is quite different from most other heating techniques and
presents many novel problems. The systems of interest are oxides that are low loss dielec-
trics when solid and cold. These solids do not heat appreciably in electromagnetic fields,
and it is therefore impossible to start a melt with the oxide alonc. The initial melting must
be accomplished by another external source of heat or by adding some conductive ob,ect to
the charge. We have used the laiter method almost exclusively, a solid conductive ring act-
ing as the initial susceptor. After the melt is formed, the liquid itself should act as sus-
ceptor. The initial susceptor ring is now superfluous and should be removed or reacted in
such a way that it does not contaminate the melt. The melt differs from the initial suscep-
tor in that 1t is not rigid. The liquid-solid boundary is variable aad will only be staticnary
when and if a '"s{eady-state' is achieved. The attainment of such a steady state depends on
the thermal and electrical properties of the melt itself, convective low in the melt, radia-
tion from the melt surface, heat transport by conduction and radiation through the skull
wall and the geometry and electrical characteristics of the electrical driving netwerk.
Finally, these conditicas must be alterable in a controlled manner so that the temperature
at the center of the melt surface can be made correct for nucleation and growth of a single

crystal by the Czochralski method.
()

Most of these problems were discussed in some detail in the previous report.
There we showed how inductive coupling could be treated in terms of the "complex effective
permeability" of the loud, and how the engineering data developed for Eddy Current Testing
by Forster' 2" ¥ could be used to advantage. The problem of skuil-boundary stability was
app: ...mately analyzed and it was shown that the skull should be stable provided that the
melt radius is not too small. Experience has shown, however, that the melt and skull must

be confined by some sort of container. The container must be made from material that is
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a good thermal conductor, but yet it must not "short-out" the coupling to the melt. The
simultaneous requirements of confinement and of close coupling of the power are in con-

flict and sclutions must represent a compromise.

In Section B below, we extend the previous analysis of inductive coupling
to include the "container" and show how it may be used to improve the coupling. In
Section C the problem of the electrical conductivity of molten oxides is reviewed. Much
of the difficulty in sxull-melting is thought to be due to variations in the melt conductivity.
Previous coiclusions about melt conductivities are now in question. In Section D, the

practical problems of skull-melting such as starting methods, container design and melt

control are discussed.

B. Inductive Coupling to Melts;

Here we consider the problem of inductive coupling to melts (or any other
load) which may be described by a complex effective permeability. First the problem of
a simple singie coil and load will be treated to obtain results similar to Forster's. The
analysis will ther be extended to circuits involving "containers" and "'transformer" coup-
ling. The analysis will show the advantages of using "idlers"” or "link transformers" in
skull-melting. The behavior of experimental equipment may be described in a semi-quanti-

tative manner according to this analysis.

The load is assumed to be cylindrical of radius r; and to have a "complex
effective permeability”, u* = y, K* = g, (K' - jK"). For nonmagnetic materials the
values of K' and K" must lie between 0 and 1, and will depend on the electrical conduc-
tivity, o, and radius, ry, or diameter, d, of the object and on the frequency f. These

variables may be combined to a single variable, F, where

_adés
F =5 066x10° V-1

Forster has tabulated the values of XK' and K" for full cylinders( 19 in terms of ¥, the
values are shown in Table 1 and graphically in Figures 1 and 2. Note that K' decreases

monotonically with increasing F but that K" goes from 0 tc a maximum of . 3775 at




F = 6.25 and then decreases again toward zero. The quantity K"/K' is also plotted in

Figure 1. This is equivalent to 1/Q for the circuit and shows that  is always greater
than 1 but approaches 1 for high values of F.

To see how the complex effective permeability may be applied to the deter-
mination of circuit behavior, consider the simple circuit shown in Figure 4. The load is
drawn below the diagram and identifies the primary current and voltage, the object radius,
ry, the effective primary radius, r; and the effective permeabilities, XK' and K". In this
analysis and in those following, the '"current-sheet equivalent® is used in calculating the
inductance of the coil. Actual short helical coils will require corrections when the induc-
tance ‘s calculated from the dimensions but the current sheet equivalent radius may he
for  and exmployed for r, in lieu of the actual radius. We now analyze the equivalent cir-

cuit to determine the impedance as seen from the coil leads.

The "current-sheet" inductance is simply:

A
L

L1 = an X
where u is the permeability

A is the effective cross-section of the circuit w-2

4 is the length

n is the number of turns

The permeability is c.mposed of two parts, that of the cbject and that of the free space
between the cbject and coil. We may apportion this according to the relative areas.

Treating the object permeability as y K*, we may write for pu:

K= Ho {1- (;rf-)z (1-K%

L]

[T
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The square of the radius ratio is called the "filling factor”, # ,,. The inductance thus be-

comes:
2 2 =
leﬂ;_r!._ [1-17“(1-1(*) i IV -4

If the object were absent, the s.cond term would vanish and the inductance would be that

of an empty coil, L 10° After expanding K*, equation 4 hecomes;

-
L= Lm[l" N1 (1 - K') - jny K" V-5

—

The inductance is thus complex. It is perhaps Letter to use the impedance Z = ij"; =R+ jwL

where;

-
:jt:[l—q“(l-l(')g IV - 6a
_R_ .

2k IV - 6b

Equations (6) nre identical with expressien derived by Fgrster(]s) for eddy current test-
ing. The relative resistance and reactance may be obtained directly from a graph cf
nu(1-K')vs, n,K". Sucha graph, which we call a complex plane map, is shown in
Figure 3. The effectof t+ * 1d is always to decrease the inductance by wL,ny (1 - K" and
increase the resistance by wL, nK'". The graph also illustrates the importance of the fill-

ing factor, ny; heavy loading of the circuit requires a large value of 7 14

The analysis of the circuit is now complete, The primary voltage and current
are related by:

e1:Zit IV-?

The behavior of the entire circuit is thus described by an equivelent circuit of impedance Z.




Skull-melting experiments demand a circuit more complicated than that of
Figure 4. Auxiliary structures are required to contain the melt, These structures are
located between the coil and load and thus preclude having very high filling factors, 7.
If dielectric materials were used, the analysis would be similar to that above. In all
practical cases, however, the '"container' is made of water-cooled copper. Since the

copper is a conductor, we must consider its effect on the circuit,

An advantageous geometry for skull-melting is shown in Figure 5. Thc con-
tainer consists of three copper “leaves', separated so that they are electrically indepen-
dent, The equivalent circuit defines the voltages, currents and radii in the following analy-
sis. The thickness of the gap (the equivalent of all three gaps) is taken to be siwuall and is
neglected. This is a 3-loop circuit and the circuit equations may be written as: (impe-
dance, Z, defined latur)

ey =2+ Zyp 1y + Zy3 i3
ez=zlzi1+22ig+233i3 Iv-8
e3=Zygig+ L3 g+ Z3 i

There are two additional conditions, namely; e; = e3 and i, = -i;. Equation (8) now becomes:

e;=2Zii;-(2pp -2 i

v-9
0 =(Zyp - 23) iy - (23 + Z3 - 22yp) i5
Solving equations (9), we obtain the following relations:
. ~(Zy + Z3 - 224) €
V(2 - Z49)" - 24 (Zg + Zn - 2Zgy)
fa = ~(Zy - Z.3) e IV - 10b
3T 2y - Zy)? - 2y (Zy+ 2y - 22y
ds 2y - 2y 9
i, " Zy+ Zg - 27 IV - 10c
- 2
Z==Te‘1"=zl- (212 zﬂ) v - 104




The impedances may now be defined as follows:

Z; =jwly Zyp=jwMyp
ZZ=jw L2 Zl3=jwM13 v -11
Z3 = jwly Zy3 = jw My

The resistances of the metallic parts have been neglected. The inductances, however, are

complex and may be wri‘ten as:

2 2 -~
Li___&_n_zu_{l_n“(l_]{*)-!-_-l_,m [lon“(l-K*)j
2
1‘2:'_571,-}:2_ ) rl-"zd(l-x*)-.};Lzo[l-nZC(l_K*)-g IV - 12
L o =

2
mr ]
Ls __..Eaz_a_ . [1 -3 (1 - K*)] = LBO [1 -y (1~ K*).j

The mutual inductances become:

2
n
My = £ [ -y (1K ]

2
.. _ @ Tnrg -
3="y [1°ﬂ34(1'K*).‘
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My =BaTE [1om (1-x9 ]




We may now substitute these quantities into equations (10c and 10d) to obtain:

iy
and Z-=jw [I-q - n{M,; - M13)J IV - 14
= {wL i _12?_;‘!13?_ - (1- K*ﬂ.
= jw 10[ T, i . IV-15

Finally, we solve for the relative resistance and reactance as in equation (6) and obtain:

L ry? - rg?
” =1 - (1KY

wkL,
IV -16

The analysis is now complete. The significance of the results, as they
apply to skull-melting, may now be discussed. First we find from equation (14) that
according to the ""current sheet" approximation, the surface current in the metallic parts
is simply the priinary current times the number of turns. This simple relation is just
the current transformer equation and applies even though the load is complex. Of more
significance is the comparison of equations (6) and (16). The resistive part of the impe-
dance is seen to be identical. Ideally, the container parts do not influence the loss. The
presence of the filling factor, n,;, appears to make R depeandent on the coil size. However,

if we substitute for I.;10 in equation (16b) we obtain;

2 2
R=..“_’En%_m_ K" v - 17

and thus R depends only on the radius of the melt r,.




The inductance is affected by the presence of the container parts. They
lecrease the inductance in proportion to their cross sectional area in additica to the de-
crease produced by the load as given in equation (6). We may define an inductance, Ly,
which iz that of the assembly without the load. This inductance is given by

22—
L,=L 1-51;3—“"- IV - 18
1

10 _,'
The decrease in inductance caused by the container is beneficial; L,, should be as small

as possible,

The reasons why & container design such as that of Figure 5 is desireble

for skull-melting may be summarized as follows.

8] The conductivity, g, of oxide melts is less than that of metals.
Good coupling only occurs when ¥ is in the range shown in Figure 1. This, in turn, re-
quires that f d® be above a minimum value. However, d cannot be so large that radiation

losses demand extremely large powers, Thus, the frequency, f, must be large.

(2) A large value of f or w requires *hat the coil inductance be small,
if the coil is going to permit the flow of a large curceut. However, the coil must be large
enough to accommodate the melt and container. This usually demands that Llo be fairly
large.

(3) The container parts, when arranged as in Figure 5 act to fill the
"empty space'' between coil and load and decrease the effective inductance so that a large
primary current may flow. The resistance is not effected and the primary current gener-

ates power according to:
P =12wL, 7 K" IV - 19
10
It appears that with further practical experience, it might be possible to
optimize the design of skull-melting equipment. So far this has not been attempted except

to the extent indicates above,
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Finally, it should be noted that all the equations developed here are for the
same length, 4. In fact, the relations are really true only for very long cylinders. When
{ is small and wien the load length, ie. 4, is smaller than that of the container as is often
the case, the analysis is much more difficult., In fact, there is ne simple way of account-
ing for differences in iengths, without going back to the fields involved. It is thought that
this problem is best approached empirically, by extending the concept of the "area-fi'ling
factor' to that of a ''volume-filling factor". In this way we may use all the above equations
by mere.y substituting for #,, the appropriate value of the volume Llling factor. This
value of 1y, will be that which gives the same results as an infinite cylinder with an area

ratio of 7.

'The application of these principles to actual experimental equipment is dis-
cussed in Section D below,

C. The Flectrical Conductivity of Oxide Melts:

From the preceding analysis we find that efficient power delivery to the load
will oniy occur when the parameter, F, is in the proper range. This, in turn, depends on
the conductivity, ¢, of the melt. When the conductivity is either too low or too high, the
system will appear to be nearly a pure reactance and the power dissipation will be small.
However, as shown by Figures 1, 2, and 3, the power dissipation should be appreciable
for conductivity values which are about a factor of ten either side of the optimum., There
have peen very few measurements made to determine the conductivity of molten oxides.
Van Arkel et al. (16) review the subject and repoit measurements on eight oxides (LiO,
Bi;0;, TeO,, PbO, Mo0O;, V,05, CrO;, and Sb,05). Some additional "electric furnace' es-
timates are given for refractory oxides (MgO, CaQ, TiG,;, Zr0;, ThQ,;, Cr.0; and Al,03).
The conductivities vary with temperature approximately according to an equation of the

usual type;
logo=A+ X v-20

T

from whick activation energies may be calculated. Some of Van Arkel's results are shown
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in Figure 6 along with other data on various metals, semi-conductors, salts, aqueous solu-
tions, ete. for purposes of comparison. It appears that the molten oxides of interest should
have conductiviti_s of the o. ler of 10° to 10 mho m™!, They should thea re better conduc-
tors than molten NaCl anc the strongest of aqueous solutions, but poorer conductors than

carbon and the metals.

The conductivity is relaicd to the frequency, f, ard the diameter of the coil,
U, by the approximate equation:;

F

1
2f(mc)=ﬂ(0—D§) v -21

Using this equation, we have calculated the optimum conductivity for a particular experi-
mental arrangement (f = 3 mc, nD? = 40 x 10™%m?, F - 6.25) to obtain a value of

ca 260 mho/m, or log 0=2.4. This value lies below the values for oxides shown in
Figure 6. We should, therefore, expect good coupling with these oxide melts. In fact,

it appears as though the conductivities are somewhat higher than optimum. However, our
experiments have shown that melts of the titanates, BaTiO; or SrTiO;, may be readily
maintained in thie apparatus, but that melts of BaZrO; or Al,O; behave as though their
electrical conductivities were too low for efficieni coupling. This has prompted us to
seriously questian the conductivity data for refractory oxides. It seemed from our obser-
vation that the conductivities given in Figure 6 might be far too high. Since the measure-
ments on high melting oxides arc all merely estimates from electric furnace operating
characteristics, using carbor electrodes in the melt, it was thought that much of the re-
ported conductivity could have come from contamination and was not "intrinsic". Direct
measurements of the conductivities of these pure oxides are needed. In particular, we re-
quire the value for BaZrG,;. We have been unable to dcvise a method for directly measur-
ing the conductivity of BaZrQ,, but we have developed a procedure applicable to melts of
corundum, Al;Q;. This procedure and the results for Al,0. are described fully in Appen-
dix J. This experiment has been written as a separate paper and has been submitted for
publication in the Journal of Physical Chemistry.
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The meas—red conductivity of liquid Al,0; was fouud to be 384 mho/m. This

1
value is indeed lower by a factor of 4 than that reported by Van Arkel.( %

However, this
conductivity is still sufficient to make the melt a very good susceptor in our apparatus.
The conductivity measuremen: did not, therefore, resolve the problem. As stated in the
Apnendix, the measurements were made under conciticns which were somewhat reducing.
It is quite possible that the conductivity in an oxidizing environment is still much lower
The other source of error could be the use of the simple semi-infinite cylinder formula
for the calculations (e. g., equation IV-21;. Corrections should be made hecause of the
shortness of the melt. The "volume filling factor' mentioned above may be much less than
we have estimated. In any event, however, these oxides behave in our apparatus as thovgh
they are much poorer conduciors than they are supposed to be. The only way to improve

the situation is to either increase the frequency or the size of the system or both, There-

fore, we have attempted to scale up the system as described in the following section.

D. Design and Operating Problems in Skull-Melting

The first application of direct coupling of radio-frequency energy to oxide
(17

melts was the melting of manganese ferrite by Montefort et al. A special coil was made
of "square" tubing. The spaces between the turns were sealed with an alumina-based
cement. A special water cooled copper bottom was also used. The water circulating in the

coil kept the assembly cool and thus protected against attac: by the molten ferrite.

The initial experiments on perovskites were made by merely packing a coil
with the powdered oxides. This simple approach has been applied to the fusion of several
oxides, including SrTiO;, BaZrO; and Zr0O,. However, there are disadvantages to this
method. After liquid is formed, the melt will tend to increase in diameter until a steady
state condition can develop at the skull wall. When the coil itself serves as the container

and heat sink, tbe melt may tend to run out between the turns of the coil. The melt is a

I

conductor and may also '"short-out' part of the ccil, creating arcs which can destroy the
apparatus. Increasing the coil spacing makes it more difficult to contain the liquid, while
decreasing the spacing may make arcing more likely. Simiiar problems are encountered

in all designs. However, the ''gap' problem is particularly severe with the simple packed
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coil since the length of the gap is long and breakdown may occur at many places. The ob-

vious cure for this problem is to confine the charge in seme inert container (inert also in
that it does not effect the electromagnetic field). Unfortunately, such a materiai is not
known. Because the thermal power to the coatainer may be quite large, it must be con-
structed of a good thermal conductor, such as copper, and well ccoled by flowing water.
Since the copper is a good electrical conductor, the container c2nnot completely enciose
the melt without destroying the field inside. The confinement problem and the electrical
problem are in direct conflict. All of the designs tested were thus attempts to find the

appropriate compromise.

Several auxiliary container designs have been tested during this program.
The first was a simple copper tube having a single longitudinal split of about 1/8-inch.
Tub’ng was soldered to the cutside for water cooling. Warping was a problem with this
container; the gap would tend to spread during a run. A thicker walled container was then
built. Cooling channels were milled in the copper and closed by means of an outer tube
soldered on with silver solder. This was much better but both leaking of fluid and arc-
ing were not uncommon. With SrTiO,. which tends to be a semiconductive solid, arcing
was severe. Although the "split tube” type of container does not destroy the internal
electromagnetic field, it does interact in two ways The "skin depth” for copper is very
small and surface currents are established in the container. As long as these currents
do not enclose the melt, they do little harm. There is some detuning of the coil and some
Joule heating in the copper, but these perturbations are not too hothersome. The contain-
er also behaves as an open-circuited one-turn coil and thus a voltage develops across the
gap. When the voltage gets high and the gap small. the electric field may become high
enough for "breakdown'. Finally, there is some displacement current across the gap be-
cause of the distributed capacity. This current also encircles the melt, shielding it and
is therefore detrimental, This effect is ihought to be small. If arcing does occur. how-

ever, this short-circuit current will hadly shield the melt

These cyiindrical containers were set up vertically inside the induction

coil. One simple way to prevent th * fluid melt from leaking out the gap i¢ to turn the
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coil and cylinder to a horizontal position with the gap on the top. There {; then no need i
for the gap to be sr.all; it can be opened to several inches and arcing across the gap will L
also be prevented. Several varieties of Iorizontal cylinders or "hoats" have been built
and tested. The simplest was similar to the thicker cylinder described above, but with
a gap of ca. 2.5-inches. The cross-section resembled a letter '"C". Another simple ?

"boat" was made by bending a flat copper plate .nto & round-bottom "V'', Ccoling pipes

were soldered on the external surface. These horizontal containers were found to be work-
able and geveral fusions of SrTiO; and BaZrO, have been made in therr. Problems of a
different nature are encountered with the horizontal boats. While there is no longer a
problem of the liquid running out the gap, it must still be prevented from running out the
ends. The solution to this problem appears to be to just make the vessel sufficiently long,
relative to the coil, so that the melt eventually freezes as it grows longitudinally. Probing
of the magnetic field along the axis of the coil showed that the field ''fell off'' rather quickly
as the end of the coil was passed, in accord with elementary theory. When the boat is in
place, however, the fieid is "stretched" and does not fall off so rapidly, Convective mixing
of the melt also tends to transport fluid toward the ends. On numerous occasions the melt
would tend to impinge on the ceramic "end~plugs'. This condition is bothersome but could
rio doubt be cured by making the assembly sufficiently long. Still another boat was construc-
ted by cutting two saw cuts perpendicular to the axis and half way through a large copper tube.
The central section was then pressed or dented to form a reversed or reentrant cylindrical
section, making the total cross section resemble a squat hollow "U", Flat bulkheads were
.then soldered on at the saw cut and at the ends. Finally, entrance and exit tubes are connect-
ed so that water can be passed through the hollow space in this "hollow-log" boat. The
"hollow-log'" boat has the advantage of rather easy fabrication, plus the end closures which
prevent the melt from spreading longitudinally. The end sections do not apparently prevent
the field from penetrating the melt in the central section. Unfortunately, the particular

boat built was not sized properly for good coupling and although it appears satisfactory, it
has not been tested in melting oxides. As experience was gained with the horizontal boats,
their shortcomings v :re also brought out. If the skull is thin, arcing to the melt can occur

at the top surface of the liquid. The current then flows through the copper and across the
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top of the me'* to complete the circuit, The top rurface is well heated by both the arcs and
the surface current, but the lower regions of the melt are shielded, The arcing n¢<d not
be violent, but it erodes the vessel an introduces copper contzmination into the melt. The
arcs psss through the gas space between boat and liquid, rather than through the sclid skull,
and there is no simple way to stop them. Still another problem is the coil which must now
pass over the top of the melt. Pulling of crystals is not prevented by the coil; the coil may
be stretched sufficiently to allow passage of pull-rod and crystal. What is bothersome is
the tendency for low ionization gases from the melt to contact the coil and initiate arcs.
Various covers and shields have been used to protect the coil but there are no materials

satisfactory for use with BaZrO; and the proklem remains.

All of the horizontal melting systems are rather severe distortions of the
circular cylindrical symmetry. A large quantify of melt must be created to fill up the
vessel to a point where good coupling can occur. Experiments with vertical containers also
continued and at this stage in the experimentation a vessel was made that appeared to be
superior to its predecessors. This was achieved by .ncreasing the number of gaps. Add-
ing gaps may seem like a regression toward the original packed coil, but now the gaps wcre
put in series, The optimum number of gaps is not known; in these experiments three gaps
have been used. With three gaps a container can be ccenstructed from the flat plates arrang-
ed in an equilateral triangle. This type of assembly i= shown in Figure 7. The advantage
of the multiple gap design is the le: ser tendency tc arcing. The gaps may be narrow enough
to quench out the melt by the ‘‘thexmal pinch" presented at the gap, but still not initiate arcs.
This is undoubtedly because mor« than one gap must be jumped simultaneously in order to
complete the circuit. The statistical chances for failure are reduced. This does not mean that
arcing and electrical breakdown have not cocurred at all, but only that the chances of success-

ful opc:ration are improved. The three gap design has been the most satisfactory of those test-
ed.

The analysis given in Section B has shown the importance of close coupling and
how to achieve this with proper design of the container. The triangular container is simple
t¢ fabricate, but difficult to hold together, Also, the coupling is not tight since there are

large open regions. A more efficient design is thai shown schematicaliy in Figure 5. This
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type of coniainer has been used in all recent tests, One container had a 2. 5-inch inside

diameter, which at the tirae it was made, was thought to be as large as would be desirable
for fusing BaZrOj; since the radiation losses increase as the fop surface area, This arrange-
ment has been very satisfactory for fusing the titanates but, as shown above, it has been
found to be very diificult to main.ain melts of BaZrO; or even Al,QO; in this system, The
fusions can be made, but as time progresses, ever increasing driving currents are requir-
ed to maintain the melt. When the oscillator reaches full output the melt will become

quiescent and freeze.

Recently, we have found a reference to earlier work by Sterling and Warrer
on melting of metals and semi-conductors without . cruciole. (18) This process is quite
sindlar to what we have termed skull-melting. except for the important difference that
these workers were dealing only with good conductors. Sierling and Warren have used both
horizontal and vertical container geometries and also what they have called a ""cage crucible".
The latter is made of silver tubing and looks something like an inverted bird cage. This de-

sign was apparently very satisfactory for pulling silicon crystals.

The problems described above indicated the necessity for us to scale up our
equipmert so as to be able fo maintain melts of "apparently" low conductivity. An increase
in frequency would alsv be advantageous, but this is difficult to achieve since we were al-
ready operating at nearly as high a frequency as we could with this type of ccil. We have,
in the past period, constructed a coil-container assembly sizilar to that shown in Figure 5,
but with an internal diameter of five-inches. This container, however, differed from earlier
designs, since it was necked-in at the bottom as in the cage crucible to r.elp contain the liquid

and prevent it from melting downward.

Several experimental runs have been made with the new container. The re-
sults were not very satisfactory. Fusions of Al,0; have been made but the coupling was
ovviously not good and the meit could not be maintained. Furthermore, this assembly is a
very complex load, electrically. There is considerable capacitance and several self-re-
sonances in the fregquency range where operation is possible. We believe now that much of

the trouble is due to the incorporation of the "bottom' in this design and that this should be
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removed. A similar problem did not apparen:ly occur in the experiments of Sterling and

muuuumua*

Warren, pessibly because they were working with metals whose conductivity is much great-

er than that of oxides. It is unfortunate that this latest container did little to resolve the

IR
1

4

container-coupling problem. Even after extensive experimentation, it is still uncertair

whether or unot oxides such as Al,0. and BaZrOg lose coupling because of a gross decrease

NINIMM*

in conductivity of the melt, or merely because the container and driving coil 2re not proper-

ly desigued for efficient coupling. The latter deficiency could be corrected by proper de-

S
[

sign but not the former.

A related problem is that of starting the melt. In the experiments of
Monteforie et al, (9 slugs of the metals whose oxides were to ke fused were placed in the
charge as 1nitial susceptors. They also mention starting the melt with an oxy-hydrogen
torch. In the work at Linde, several start-up procedures have been tried. Auxiliary heat
sources have been found to be rather unsatisfactory for refractory substances. The auxiliary
souvce must prcduce a teraperature high enough to melt the oxides. This is very difficult
for Ba. (4. Even if a heat source is available, it is usually only possible to heat the charge
from the top. The heat will not penetrate the charge very well and only melts of shallow
depth will be produced. Although not treated explicitly in the discussion of skull-melting, it
has heen found that 4 cer:ain depth or thickness of the melt is required before effective coup-

ling takes place, Auxiliary heat sources were therefore abandoned.

. Two methods of starting have been mainly used, both involving the use of
ring-shaped susceptors placed inside the charge of powdered oxides. In one method metal
rings are used and in the other carbon rings. The metals chosen were always those corres-
ponding to the tetravalent cation in ithe oxide system, thus titanium and zirconium. In this
- manner no contamination is introduced other than an eventual excess of oxide BO,, and this
i can be corrected if necessary. This is a most desirz..;2 procedure if the metal has a high

. enough melting point. For example, titanium metal rings may be used to initiate melts of

1, SrTiO; (or other composition in the STO - TiO; system near SrTiQ;). Titanium metal melts
at 1670°C, which is well below the melting point of SrTiO; but higher than the SrTiO; - TiO,

eutectic composition. The ring is buried in the powered charge and heated mildly by induc-~

tive coupling to warm up the surroundings. After sintering occurs at ca, 1200-1400°C more
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power is admitted until the ring melts. An arc may estabiish when the ring inelts or parts

somewhere along its poriphery. The arc is usually not detrimental but acts to add energy
to the system. Under favorable circumstances, sufficient oxide melt will be formed to
couple directly. After a period of buiid-up of the liguid puddle, the skull will form and
stabilize. A similar procedure is used vith zirce~‘um rings to start melis of 6aZrQ,,.
Zirconium metal melis at 1857°C, bul iils i= considervably less than the melting point of
BaZrO; and ever less than the BaZrQ; - 2r0, eutectic temrperature. Thus th¢ molten metal
must remain intact and act as a susceptor while the energy to fuse the oxides is built up.
This has been accomplished, but it is difficult and uncertain. Furthermore, zircor’ m

meial rings of appropriate size are difficult to obtain.

When carbon rings are used the situation is somewhat different. The car-
hon rings will not melt and it is much easier to control the warm-up period and the fusion.
Once 2gain, the ring may eventually part and initiate an arc but without detriment. Pro-
vision has beer made for blanketing the experiment with oxygen gas, so that the carbon
may be oxidized out of the melt. Complete removal of the carbon is easily achieved, The
carbon-ring start-up procedure is easier to carry out than the metal-ring procedure and

is the preferred method.

When either carbon or metal rings are employed, there is inevitably some
local reduction of the melt. The reduction processes have not heen investigated in any de-
tail but the carbon and metals will behave differently in this respect. Wifh titanium metal
rings, Ti¢", Ti*" etc. may be formed in the charge and there is the likelihood of a number
of complex intermediate compounds. With zirconium on the cther hand, an equilibrium be-
‘tween Zr metal, O, gas and ZrO; is presumably established, without ""suboxide! formation.
The presence of carbon can lead to the temporary formation of carbides. These compounds
wili all eventually decompose in an oxidiz.ng environment. The biggest problem in the use
of carbon rings is, however, the necessary evolution of gases as the carbon is oxidized.
This usually takes place smoothly. However, with BaZrQ; there is a pronovaced tendency
to freeze over the top surface of the melt because of heat losses there by radiation, con-

vection, etc. If the surface does freeze over the gases may be trapped below, This is
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hazardous and can resuit in explosive erruptions from thc system when the pressure gets
high. Several attempts have boen made to circumveat this problem. In one approach a
carbon tube was used, externally supported so that it could be Leld at ihe top of the melt
where the gases could escape easilv, and then later removed. Thnis method fails because
tre lurge heat leak makes it impossible to heat the carbon sufficiently. Supporting a car-
bon ring on slender rods of carbon also did not work because the rods would form hot

spots and oxidize rapidly.

A completely different approach was, therefore, tried for starting BaZrO;.
Special samples of electrically conductive ceramic ZrQ, were obtained from the Zirconium
Corporation of America. These were imbedded in the power charge where they could act
as surceptors. However, the conductaace of these ceramics is only high at temperatures
in excess of ca. 1000°C. Thus a preheating was still necessary. We attempted to achieve
this by inserting a platinum metal susceptor inside the zirconia tube or ring. The intention
was to heat the platinum susceptor by induction until the platinum heated the zirconia tube
sufficiently so that the coupling was transferred to it. The platinum would then be removed
and the zirconia tube heated by induction until fusion of the BaZrO; charge occurred. De-
spite several attempts we were not able to heat the zirconia sufficiently to act as a suscept-
or. Even when the zirconia was apparently above 1000°C we could not make it couple,
possibly due to thermal cracking of the tubing which was apparent in certain tests. The
method was not pursued further. Such a procedure may yet he possible but it is difficult.
One cause of the difficulty is that the container geometry and oscillator coil, etc. are de-
signed for efficient coupling to poor conductors. The filling factors of the platinum and the
zirconia are both necessarily small and despite the large available power the coupling to
the platinum is very poor. This could be greatly improved by lowering the frequency but
then the zirconia and the melt (when formed) would be poorly coupled. Carbon was tried
as a preheating susceptor and it did work much better than the platinum but we were still

unable to couple enough energy to the zirconia to make it a susceptor.

Finally, rings of tungsten metal have been used to initiatc melts of BaZr0;.

The starting procedure was not difficult with tungsten. The high melting pcint of tungsten
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keeps the ring intacy until the BaZrO; has fused. The tungsten is gradually oxidized and

the metal eventually vanishes. The contaminaiion of the melt with tungstates remains a
problem for crystal growing. The volatility «.f the oxides may be sufficient to larpely re-
move the tungsten from the melt after a reasonable period, but so far we have always
found moderate aimonts of tungsten in emission spectra of BaZrQ, fusions initiated by

tungsten rings.
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V. EXPERIMENTAL RESULTS AND MATERIALS

A. Analysis of Verneuil-Grown, Mn-doped SrTiO;:

Early in this contract a number of crystals of SrTiO; were grown by the
Verneuil process. Several of these crystals were doped with MnO,. It had been hoped
that Mn** would substitute for Ti*! in tne SrTiO; lattice. These crystals did not, how-
ever, exhibit the -‘esired fluorescence of Mnt!, and it was very doubtful that the manganese
had stayed in the tetravalent state. Two of these crystals have now been examined by elec-
tron spin resonance (ESR) in order to ascertain the valence state of the manganese, These
exa:minations were made for us by Dr. Paul H. Kasai of the Union Carbide Research Insti-
tute., Strong ESR signals were obtained for Mn*? but none were scen for Mn™%, The ESR

spectra were integrated to nbtain 2 quantita*ive estimation. The results of this analyvsis are

as follows:

Sample No. Feed Power Composition = Chemical Analysis ESR
1859-9% 1% Mn 0.12% Mn .06 - . 129 Mn™?
1993-12 0.02% Mn . 002 - . 004% Mr™?

Thesc analyses confirm that essentially all of the manganese is present in the divalent
state. This is not at all surprisirg since the vapor pressure of oxygen over MnO, in-~
creases to very high values at high temperatures. Furthermore, the oxygen vacancy
mechanism in SrTiO; can supply electrons for the reduction of .he manganese. The ESR

analyser do not indicate wi.ether the Mn*? is {n the A-site (Sr) or the B-site (Ti).

B.  Summary of Skull-Melting Experiments:

The experimental conditions and observz‘ions for most of the skull-melt-
ing experirnents have been briefly summarized and cullected in Table H. Information
about the ccil, the type of centairer, the operating frequency, the duration of the melt and
pertinent other remarks are included. Tie table is self-explanatory and shows the chrono-
logical develupment of skull-melting, and the achievements and difficulties encountered in

the indi~ .dua! experiments., The experimental problems hae been treated above. 1t is




convenient here to discuss the results in terms of the particular oxide systeins.

Titanates: SrTiO, and BaTiO;: While these compounds, particulariy SrTiO;,

may be of some interest as symmetric laser host candidates, our main purpose was to use
them as pilot substances for studying the skull-melii.g, since they are much less refraciory
than BaZrO;. This choice may have been somewhat unforiunate, since it now sgpears that
they behave rather differently than BaZrQO;. These coinpounds have been fused in several

of the experimental geometries and melt durations of up to seven hours have been achieved.
To date, we have had no indication that these melts coulc not be sustained indefinite’ . The
skull boundary is somewhat adjustable by altering the r-f power and the melts were always
mobile and flowing from edge to center as shown in Figure 7. This is as expected for a
small "skin depth" where only the outer regions of the liquid act as a susceptor. This
pumps the liquid up on the outside and down in the center., This flow pattern is very similar
to that obtained with crucibles and should be amenable to crystal pulling and we have pulled
polycrystalline masses of SrTiO; such as shown in Figure 8. Examination of these masses
shows many small cry..r.lites and a dark color indicative of oxygen deiiciency. It is almost
certain that this oxygen deficiency creates electronic defects which absorb radiant energy
from the melt. The material being "pulled' then acts as a thern:al insulator and impedes

further growth. M is very difficult if not truly impossible to pull single crystels under

these conditions,

The experiments with BaTiO; (2146-66 and 68) were performed in order to
study the effect of charge compensators on the mass pulled from the melt. Only a black
polycrystalline mass was pulled from pure BaTiO;. A small quantity of 1.a,0; was then
added to the melt and pulling again attempted. A very black misshapen mass was pulled.
Such doping is known to produce an r-type semiconductor (see above). The experiment
seemed to confirm our predictions that such a defect is detrimental to crystal formation.
The container was emptied and recharged v ith BaTiO;. After starting the melt a small
quantity of Al,O; was added. This type of doping should increase the oxygen deficiency
but decrease the electronic u2fects. The pulled mmass was indeed lighter in color than pure

or La-doped BaTi0Q,;. It was, however, still opaque and rather dark. There was little




evidence that such compositions could be induced to grow in a manner where a single

crystal would dominate.

One rather obvious way to decrease the oxygen deficiency is to increase the
oxygen nartial pressure. Early experiments showed that this did not help the formation of
single crystals. The solubility of oxygen in the liquid is apparently rather high and this
excess oXygen is rejected at the liquid sclid interface where the mass is being pulled.

This is a further impediment to heat transfer. Under these conditions the pulled mass tends

to be ¢oncave or ''"hollow'".

Alumina: Al,O:: The behavior of alumina is quite different from that of the

titanates. We have no interest in almina crystals (sapphire or ruby) under this contract
and it was choren only as a test substance for skull-melting. Alumina differs from the
titanates in that the pulling of large single crystals is a well known art. There is no diffi-
culty from electronic defects. It should, therefore, be possible to pull crystals from skull-

melted alumina.

The alumina melts were initiated with carbon rings. The process proceeded
smoothly. Unlike BaZrQ; there seemed to be litile tendency to freeze over. In fact, several
"blow holes' tend to form in the charge before it is completely fus 1, apparently kept open
by the es >aping oxides of carbon. 1 _se holes cannot be blocked by adding powder. There
is evidence of a partial reduction of the Al;O; by the carbon but after running a while in an

oxidizing atmosphere, the carbon is apparently comvoletely oxidized and remuved.

The behavior of the melt is considerably differen. than that of the titanates.
First of all, a greater driving power i¢ required to maintain the melt. After the initial
fusion, where the carbon is still present and the melt is quite turbuient, the liquid becomes
more quiet and eventually appears to be nearly stagnart. The surface temperature becomes
quite uniform and the surface of the liquid becomes uniformly bright. In fact, it becomes
very uifficult to "see' the surface for *here is nothing to see and it appears blurred. This
type behavior is only to be expected when the "skin depth' becomes very thick, correspond-
ing to a small F-value where the coupling is very poor. The geometry was such that the

only reasonable explanation was a gross decrease in the electrical conductivity of the melt,




This prompted us to make the separate measurements of the conductivity . . Al,O; reported

in the Appendix. The value of the conductivity, 384 mho/m, is but one-fourth the previous-
ly accepted value but not low enougn to readily explain the poor coupling observed. The
skull-melting experiments were performed in the oren air, while the atmosphere in which
the conductance measuremenis were made was probably less oxidizing. The effect of the
electrodes (iridium) also .annot be discounted. Further experiments would be required io
determine the true conductivity of Al,O; melts and its dependence on atmospheric compoi-

tion.

Whatever the cuuse, the experimental effect is that continually greater driv-
ing currents are requived to maintain the melt., Eventually the current required becomes
more than the oscillator can supply (ie. the maximum plate voltage of the oscillator tube
has been reached). Gradually, the melt will freeze terminating the experiment. Even so,
one of the Al,0; melts has been kept for three hours and upueared at the time to be stable,
as noted in Table II. However, all the experiments with Al0; melts were eventually ter-

minated because of eventual difficulty in sustaining the melt.

The only way to cure the problem of poor coupling that is encountered with
Al,O; melts is by changing the desi;u 5o as to increase the value of F. While it may be
possible to alter the electrical conductivity of the melt by dopants or by control of the
gaseous '"atmosphere", this procedure would not usually conforin to the requirements of
growing crystals from "pure' oxide melts. The only other ways to increase I are hy in-

creasing the size or raising the frequency. These two parameters are relatad, for the in-

ductance of a coil and therefore its operating frequency, are dependent on its size. Further-

more, increasing the frequency by decreasing ¢.e tank-circuit capacitance is of little bene-

fit, since the circulating current is decreased and the delivered power may drop. For these

and other empirical reasons, we have found it impractical to elevate the oscillator frequency

much above 3 megacycles. Ccnsequently, the ¢ ly practical cure for poor coupling appears
to be to increase the size of the apparatus, while simultaneously employing 2 coil geometry
which results in a low inductance and therefore does not greatly decrease the frequency.

This is what we attempted to do in constructing the container labled HDC No. 2 in Table 1.
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The internal diameter of this container is five inches which may be compared to 2, 5-inches

for HDC No. 1. The increase in area and thus in F should be a factor of 4.

In the experiment described by Montefcrtesm) a water-cooled-copper can
was soldered to the coil as a bottom, Sterling and Warren(la) used a variety of container
shapes; their ""cage crucible" was an inverted dome :nade of arcs of silver tubing. At the
lower end the tubing converged and connected to two isolated manifolds, thus forming a
sort of '"bottom' for tue charge. In our experiments, the desirability of having a bottom
had been noted, because with merely the powder charge the melt gradually tends to sink,
(but should eventually stabilize). The bottom would aid in this stabilization. We, there-
fore, machined HDC No. 2 so that the "leaves' converged to form a bottom for the charge.
As the table shows, this corniainer did not perform as desired. 'The cause is almost cer-
tainly the bottom. The electrical behavior (capacitance, self-rescnance, etc.) was inferier
to the straight cylinders, and melts could neither be started or maintained in it. In order
to proceed further, the bottom would have to be machined out or a new large container built.

At present it remains an open question whether or not Al,O; can be kept moltfen in a contain-

er of this size.

Barium Zirconate BaZv0.: This compound is the most difficult to fuse. Un-

like the two other systems, starting the melt is a severe problem. Of the many methods
tried, we have had consistent results only with carbon and tungsten starting rings. Even
with these there are problems. The gas evolution that occurs with carbon causes a hazard

and also makes the operation difficuit to reprc_uce, while tungsten acts as an impurity.

Once the melt is formed, coupling of electrical power to the liquid occurs
without apparent difficulty, at least in the early stages. However, the high temperature
(>2600°C) and the concequently large radiation irom the top surface of the melt, make the
heat iosses large. A large driving power is required to keep the melt from freezing over
on the top. The radiative losses will increase with the cross-sectional area of the appara
tus, The container HDC No. 1 was made with interral diameter of ouly 2, 5-inches because,

at the time, this was thought to be about as large a radiation surface that we could maintain

with the available power.




The skull-meiting experiments with BaZrO; have been alternately encourag-

ing and frustrating. Melts have been maintained for as long as 3 hours (2146-12) and at-
tempts to pull crystals were apparently impeded more by lack of a seed crystal than by
control of the melt, However, the ¢ (perience with BaZrO; seems to be parallel to that

of Al,0;. Eventually the melts become quiescent and of uniform temperature, indicative
of larga skin depth and poor coupling. These observations foretell the termination of the
experiment. Presumably, the poor coupling here is also the result of a decrease in the
electrical conductivity of the melt, As with Al,03, a better result would be expected in a
larger apparatus but with BaZrO; we cannot get much larger without increasing the radia-

tion power excessively.

The problem encountered in BaZrQ; and Al,0, appear to be attributable to
changes in the electrical conductivity of the liquid. This may be a fundamental problem
in skull-melting of oxides, though our experiments fall short of proving this. However,

in most '"conductors' or ''susceptors' the charge carriers are electrons (or holes’ whose

concentration and mobility is determined by the "intrinsic" structure of the material. The
charge carrying species in molten oxides are not known, nor is it known whether they are
"intrinsic" or "extrinsic" in origin. ‘‘he evidence seers to indicate that gross changes .a
conductivity may occur during the course of an experiment, making it difficuit to attribute
the conductance exclusively to intrinsic processes. This problem must be resolved before
the skuil-melting process can be practically exploited in the synthesis of BaZrQ; and other

dielectric oxides.
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2,56

TABLE 1
COMPLEX EFFECTIVE PERMEABILITY

for full circular cylinders

K! K"

1, 0000 0. 6000
.9989 ,0311
.9u48 . 0620
.9798 . 1216
.9592 . 1700
. 9264 . 2234
. 8557 . 2698
. 3525 . 2983
. 8332 . 3121
,7738 . 3449
. 6992 . 3689
. 6360 . 3770
. 6216 L3775
. 5807 . 3757
.5361 . 3692

s
. x 10
where: (o4
d

u*=p K* =y, (K' - jk")

iy

100
150
200
400
1000
1600
16000

frequency cps

= Complex effective permeability

. 4990
. 4678
. 4202
. 3701
. 3180
. 2367
. 2007
L1772
. 1416
. 1156
. 1001
. 0707
. 0447
. 03534
. 0141

conductivity mho/m

object diameter m

K"

. 3598
. 3494
. 3284
. 3004
. 2857
. 2070
. 1795
. 1608
. 1313
. 1087
. 0950
. 0682
. 0437
. 0347
. 0140
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